There is great interest in Mexico in reducing imports of grain and becoming self-sufficient in cereal production. Identifying high-yielding and stable maize (Zea mays L.) hybrids from different research institutions could contribute to increasing maize production in the highlands of Mexico. In this study, 16 early white maize hybrids were evaluated at 37 highland sites in several Mexican states with the objective of identifying high-yielding and stable hybrids, as well as high-yielding sites. Using the site regression model, it was possible to identify some outstanding hybrids (CHLHW09035, CHLHW02517, and HIBRIDO 2010) with acceptable grain yield production that were also stable across most of the 37 sites. Hybrids ST-010 and ASPROS-823 were less stable but produced acceptable yields. Sites with higher stability included Site 26 (Amealco, Queretaro), Site 7 (Epitacio Huerta, Michoacan), Site 37 (Tlachaloya, State of Mexico), Site 34 (Ciudad Hidalgo, Michoacan), and Site 29 (Metepec, State of Mexico). Other sites with satisfactory stability included Site 20 (Jilotepec, State of Mexico), Site 5 (Quecholac, Puebla), Site 6 (Huejotzingo, Puebla), Site 13 (Ajacuba, Hidalgo), and Site 19 (Santo Domingo, Oaxaca).
RESEARCH

I
n Mexico, there is great interest in reducing maize (Zea mays L.) imports and satisfying maize demand with the country's own production in the coming years. To achieve this, it is necessary to increase maize productivity by giving farmers access to appropriate technologies, including strategic inputs such as improved seeds and fertilizers. In addition, maize production should also be diversified by producing specialty maize (pozolero, popcorn, green maize, and waxy maize, among others) in a range of colors: yellow, blue, black, red, and purple.
For Mexico to achieve self-sufficiency in maize production, after 2017, grain yield (GY) should increase to ~4.5 Mg ha −1 , since demand is expected to be between 23.5 and 25.1 Tg annually. This goal is achievable in regions with unlimited agricultural resources and financial investments and where there are no problems such as soil, hail, or frost (among other abiotic factors) that limit the genetic yield potential of cultivars sown by farmers (FAO, 1993) . Of the total area sown to maize in Mexico, 3.0 million ha are in the highland region of central Mexico, at altitudes ranging between 1800 and 3000 m asl. In the states of Hidalgo, Mexico, Puebla, and Tlaxcala, farmers plant mostly native varieties whose average grain production is <3.5 Mg ha −1
. The main factor that limits grain production in this region is the poor stability that
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native varieties have shown across years and locations, or a combination of both. Other factors that limit maize grain production in the highlands of Mexico are the low response to increased doses of inorganic fertilizer, low plant population density, frost and hail, and significant variation in the distribution and amount of rainfall (Wellhausen et al., 1951; González et al., 2009) . In Mexico, a total of 8.5 million ha of maize are sown, of which 3.5 million ha are located in the central highland valleys (the states of Hidalgo, Mexico, Puebla, and Tlaxcala). The predominant maize races in these areas are the Cónico and Chalqueño races (Wellhausen et al., 1951; SAGAR, 2000) . Therefore, this region is very important for maize breeding, technology development, and, specifically, for evaluating and identifying outstanding maize germplasm. In this context, very few studies have been published on evaluating cultivars in demonstration plots and on validating technology (González et al., 2009 ).
Mexico's highland valleys, located >2200 m asl, are very important for maize production, where 1,500,000 ha are sown to maize, representing 20% of all maize planted in Mexico. Approximately 50% of this area (750,000 ha) is sown under drip irrigation and optimal conditions and produces high yields; however, the average regional yield is <4.0 Mg ha −1
. Therefore, the widespread use of improved varieties is an alternative that could increase maize productivity in the short term. Developing new and superior genotypes is necessary for replacing currently used maize varieties (Perches et al., 2012) . The important factors that limit maize production in Mexico's highland valleys are low temperatures, hail, drought, and altitudes ranging from 1800 to 2700 m asl (Eagles and Lothrop, 1994) ; these factors, together with differential grain texture and germplasm color and size, make maize growing conditions in the highland valleys of Mexico variable and unstable due to genotype ´ environment interactions. These different environments and maize grain conditions create the need to stratify the highland valleys in regions according to different altitudes, with sites >2400 m asl being separated from lower-altitude sites (Beck and Torres, 2003) .
The CIMMYT's Global Maize Program is funded by the Mexican government through the Sustainable Modernization of Traditional Agriculture program (MasAgro, http://masagro.mx) with the objective of developing hybrids for the highlands of Mexico, as well as for its tropical and subtropical environments. The MasAgro project has been actively funding CIMMYT's maize breeding program by creating an extensive network of small and intermediate farmers, as well as smallscale seed companies operating throughout Mexico. MasAgro's maize breeding component (MasAgro-Maize) has developed a large number of highly productive hybrids that are well adapted to highland, tropical, and subtropical Mexican environments. Extensive evaluation of newly developed hybrids is important for identifying new high-yielding and stable hybrids for the highland regions of Mexico.
The main objectives of this study were: (i) to evaluate a set of 16 elite hybrids adapted to different highland regions of Mexico for GY and other traits, and (ii) to identify stable high-yielding hybrids in a large number of sites located at different altitudes.
MATERIALS AND METHODS
Phenotypic Data
In 2013, an early white maize validation trial composed of 16 hybrids, including four hybrids from CIMMYT, four hybrids from public institutions, six hybrids from national seed companies, and two commercial checks, was prepared. Enough seeds to plant the trial at 50 locations were sent through the MASAGRO-Maize Program Cooperators' Network to different sites in the highland valleys of Mexico. Data from 37 sites were retrieved and analyzed (Table 1) .
Data Availability and Supplemental Tables
Phenotypic data of the 16 hybrids evaluated in 37 highland sites of Mexico, together with three supplemental tables, can be found at: http://hdl.handle.net/11529/10934 (Torres Flores et al., 2017) .
Experimental Design and Statistical Analyses
The experimental design used at each site was a four-by-four a lattice. Each plot had four rows 5 m long, where 31 seeds were planted per row, giving a plant density of 80,000 plants ha −1 . The traits were measured only on plants located in the middle two rows. All traits were measured on each hybrid in each replicate at each site. The traits that were measured in each of the 37 sites are GY (Mg ha −1 ), days to silk (DS, d), days to anthesis (DA, d) plant height (PH, cm), ear height (EH, cm), ear rot (Fusarium graminearum, %), husk cover (HC, %), and rust (Puccinia Sorghi Schewein, measured using a score from 1 [no infection] to 5 [high infection]).
Statistical Models
Individual site analyses were performed for each of the 37 sites. The linear mixed model for the combined analyses across sites for the GY response of the ith hybrid in the rth replicate within the kth subblock of the jth site (Y ijrk ) is:
where m is the general mean, S j is the fixed effects of the sites ( j = 1,…, 37), R r (S j ) is the fixed effects of the replicates (r = 1, 2) within sites, IB k [R r (S j )] is the random effect of the incomplete blocks (k = 1,…,4) within replicates and sites assumed to be independently and identically normal distributed with mean zero and variance s 2 IB (RS) , H i is the fixed effects of the ith hybrids (i = 1,…,16), HS ij is the fixed effects of the hybrid ´ site interaction, and e ijrk is a random residual error assumed independent and identically normal distributed with mean zero and variance s 2 e
. Heritability for each site was estimated from the variance components of the individual site analyses and the combined analyses across sites. The software used to perform for studying and interpreting H ´ S from multienvironment trials is: HS
where ij y is the empirical mean response of the ith hybrids (i = 1,2,…,16) in the jth site ( j = 1,2,…,37) with r replications in each of the 16 ´ 37 cells, m is the grand mean over all hybrids and sites, H i denotes the fixed effect of the ith hybrid, S j represents the fixed effects of the jth site, HS ij is the fixed interaction effects of the ith hybrid in the jth site, and ij e is the (average) random error assumed to be identically and independently normally distributed with mean zero and variance 2 e s /r (where 2 e s is the within-site error variance, assumed to be constant, and r is the number of replicates in each site).
To measure stability, we used: (i) the linear-bilinear site regression (SREG) analysis (Crossa and Cornelius, 1997; Crossa et al., 2002) and its descriptive biplot graph displaying the first two factors (or principal component axes); (ii) the linear the individual site analyses was the META-R , and the best linear unbiased estimates of the hybrid effects were used for further stability analyses of hybrid performance. Broad-sense heritability (repeatability, H 2 ) estimated based on entry mean was: 
Stability Analyses in the Highland Valleys of Mexico
The basic conventional fixed effect linear model used to describe the univariate mean response of hybrids in environments, and regression coefficient of the hybrid mean on the site mean, the deviation from regression of Eberhart and Russell (1966) , and the related linear regression genotypic stability of Tai (1971) ; and (iii) the Shukla stability variance (Shukla, 1972) .
Site Regression Model for Assessing Hybrid Performance and Stability
A class of fixed effect linear-bilinear models described by Crossa and Cornelius (1997) where S j is the mean of the jth site; l m is the singular value of the mth bilinear component, which is ordered l 1 ³ l 2 ³… ³ l t ; and a im corresponds to the left singular vector of the mth bilinear component and represents hybrid sensitivities to hypothetical environmental factors represented by the right singular vector of the mth component, g jm . The a im and g jm satisfy the ortho-normalization constraints S i a im a im¢ = S j g jm g jm¢ = 0 for m ¹ m¢ and
The SREG, as initially described by Crossa and Cornelius (1997) and Crossa et al. (2002) , was performed for trait GY at all sites, and the software used to perform the statistical analyses was GEA-R . Interpretation of the biplot obtained from the SREG is based on the combined estimates of the main effects of hybrids plus the hybrid ´ site interaction. The SREG model has been used for grouping environments without genotypic rank change (Crossa et al., 2004) . The interaction parameters a im and g jm of this linear-bilinear model define the behavior of genotypes and environments, and when a i1 ,a i2 and g j1 ,g j2 are plotted together in a biplot (Gabriel, 1978) , useful interpretations of the relationships among genotypes, environments, and GE are obtained.
Site and hybrid scores of the first two eigenvectors are represented by vectors in a space where the starting points begin at the origin (center of the biplot) and end at a point determined by the magnitude of the scores (for sites and hybrids). The distance between two hybrid (or site) vectors indicates their interaction; the cosine of the angle between these two vectors approximates the correlations between hybrids (or sites) with respect to their main effects and interactions. Acute angles indicate positive correlations, and parallel vectors approximate high positive correlations. Obtuse angles with vectors in opposite directions represent negative correlations, and when the direction of the vectors is perpendicular, the correlation is approximated at 0.
Therefore, biplots represent the interactions in terms of directions and projections of the vectors of sites and hybrids. The amount of interaction of hybrids on sites can be approximated from the orthogonal projections of the environmental vectors on the line determined by the direction of the corresponding hybrid vector. Then, when site and hybrid vectors have the same direction, they have positive interaction (hybrids are favored in those environments), whereas when hybrid and site vectors have opposite directions, they have negative interactions. When the vectors are perpendicular, the interaction is zero and there is no information from the first environment that can be used to predict the performance of the hybrid in other environments.
Furthermore, the projection of the hybrids along the vector of each environment represents its performance in that environment. For example, the projection of a hybrid with the best GY performance at one site will be near the end of the vector of that site, whereas the hybrid with the second best GY performance at that site will be near the first hybrid. On the contrary, the projection of the worst hybrid performance at that site will be on the opposite side of the end of the vector. Therefore, depending on the percentage of the total variation that is explained by the first two components, the biplot can give precise information about the two-way table of hybrids in sites.
Linear Regression for Stability
Two related stability methods are included in this study, the method of Eberhart and Russell (1966) and the method of Tai (1971) . As described by Eberhart and Russell (1966) , the hybrid ´ interaction (HS ij ) from Eq. [2] is decomposed into two components:
where b i is the regression coefficient that measures the response of the ith hybrid to varying site conditions, I j is the environmental index obtained by the difference between the mean of each environment and the general mean (
, and h ij is the deviation from the regression of the ith hybrid in the jth site. A stable hybrid will have a regression coefficient equal to 1 (ˆ1 i b = ) and a deviation from regression equal to zero (h ij = 0).
The linear regression approach of Tai (1971) is similar to that of Eberhart and Russell (1966) , except that the parameter estimation is based on the method of structural relationship that derives the maximum likelihood estimators under the assumption that the effect of the sites and the hybrid ´ site interaction are jointly normally distributed. After solving a set of equations, Tai (1971) obtained the parameter a i , which measures the linear response of the ith hybrid to the environmental effect, and the parameter l i , which measures the deviation from the linear response. Note that for simplicity we used a similar notation as used by Tai (1971) ; however, parameters a i and l I are not related in any sense to parameters previously described for the SREG model. For Tai (1971) , a hybrid with average stability will have a = 0 and l = 1, which is equivalent to ˆ1 i b = and h ij = 0 from Eberhart and Russell (1966) ; furthermore, for Tai (1971) , a perfectly stable hybrid will have a = −1 and l = 1.
The two stability linear regression parameters of Tai (1971) can be represented in two orthogonal axes a (on the y-axis) versus l (on the x-axis) forming a hyperbola with the first two vertical lines delineating the limits of the 90% confidence interval for l = 1. Also, the two vertical lines and the hyperbola marked two regions, Region A (within the hyperbola) for hybrids that do not significantly differ from average stability and Region B (outside the hyperbola) for hybrids with stability significantly above average. Shukla (1972) pointed out that the linear regression coefficient of each genotype might not be a very effective measure of stability when only a small proportion of the total hybrid ´ site interaction sum of squares is explained by the heterogeneity among the regressions. Shukla (1972) partitioned the hybrid ´ site into 2. The highest-ranking hybrid across all 18 sites was CHLHW09035 (7.1 Mg ha −1 ) with a regression coefficient of 1.06, followed by hybrids ST-010 and PRECOZ-01 (6.9 Mg ha −1 ) with regression coefficients >1 (1.20 for ST-010) and <1 PRECOZ-01 (0.93), respectively. Lowyielding hybrids were ST109001, REGA 14, TORITO BLANCO, and P1684W, all with regression coefficients <1. The trend shows that high-yielding hybrids tend to have higher regression coefficients than low-yielding hybrids. The high-altitude site with the best GY was Site 26 (Amealco, Queretaro). 
Shukla Stability Variance
RESULTS
Grain Yield of Sites and Hybrids
Concerning GY and other characteristics of the highland sites, Table 2 shows the mean GY of each of the 37 sites, the hybrid variance, the residual variance, and the broadsense heritability of GY. The first 19 sites (Sites 1-19) are sites located <2400 m asl, whereas the rest of the sites (20-37) are located >2400 m asl. A total of 14 sites had a hybrid variance higher than the average hybrid variance (1.02), and 21 sites had heritability values higher than the average heritability value (0.65). The overall GY across all 37 sites was 6.7 Mg ha −1 , the mean of the sites at <2400 m asl was 6.9 Mg ha −1
, and the average GY of the sites at >2400 m asl was 6.5 Mg ha , respectively. Other high-yielding sites were Site 13 (Ajacuba, Hidalgo), Site 2 (Batan-2, State of Mexico), and Site 37 (Tlachaloya, State of Mexico), with mean GY of 9.8, 9.5, and 9.1 Mg ha −1 , respectively. Interestingly, high-yielding sites were distributed among those located at >2400 m asl, as well as at <2400 m asl; however, as already mentioned, the mean GY of sites located at <2400 m asl was higher (6.9 Mg ha −1 ) than the mean of sites at >2400 m asl (6.5 Mg ha −1 ). Table 3 shows the overall mean GY of the 16 early white maize hybrids across all 37 highland sites (separated by altitude), whereas Supplemental Table 1 shows the production of 16 hybrids at each of the sites and across all 37 sites. Hybrid CHLHW09035 had the highest mean GY (7.3 Mg ha The mean values of the 16 hybrids at each of the 18 sites located above 2400 m asl are in Supplemental Table   Table 2 . Site number and name, site mean grain yield (GY), hybrid variance, residual variance, and broad-sense heritability (H 2 ) of the 37 sites in the highlands of Mexico. Sites 1-19 are located at an altitude <2400 m asl and Sites 20-37 are located at an altitude >2400 m asl. Table 3 . List of the 16 hybrids, their names, origin, average grain yield (GY), the linear regression coefficient, the deviation from regression according to Eberhart and Russell (1966) The average GY performance of the 16 hybrids at each of the first 19 sites (Sites 1-19) located below 2400 m asl are shown in Supplemental Table 3 . A total of nine hybrids (ASPROS-823, CHLHW02517, CHLHW09035, CHLHW09045, ST-010, RP-3, HIBRIDO 2010, X18A204W, and CVA-702) had high GY performance at most of these lower altitude sites. Likewise, the best environments for GY were Site 2 (Batan 2, State of Mexico), Site 5 (Quecholac, Puebla), and Site 13 (Ajacuba, Hidalgo). The highest-yielding hybrids were ASPROS-823 (7.6 Mg ha Figure 1 is a graphic biplot that shows the combined estimation of the main effect of the hybrids and the hybrid ´ environment interaction for 16 early white maize hybrids evaluated at the 37 highland sites. The first two components accounted for 56% of the total variance. The direction of all the sites is towards the right-hand side of the biplot. The five hybrids located there (CHLHW09035, CHLHW02517, HIBRIDO 2010, ASPROS-823, and ST-010) were the highest yielding across all 37 sites (Table 3, Supplemental Table 1 ). On the contrary, the four hybrids located on the left-hand side of the biplot (ST109001, REGA-14, TORITO BLANCO, and P1684W) were the lowest yielding at all 37 highland sites (Table 3, Supplemental Table 1 ) and are located in the opposite direction of all 37 environments.
Grain Yield Stability of Hybrids across All 37 Sites
Interestingly, it can be observed in the right lower quadrant of the biplot that hybrid ASPROS-823, previously identified as one of the highest-yielding hybrids, was the best yielder at several sites: Site 14 (Texcoco, State of Mexico), Site 15 (San Andres, Oaxaca), Site 17 (San Luis de la Paz, Guanajuato), Site 18 (Jesus Maria, Jalisco), and Site 27 (Almoloya de Juarez, State of Mexico). In Fig. 1 , the score of hybrid ASPROS-823 goes in the same direction as the scores of these five sites. In the upper right quadrant of the biplot, hybrid ST-010 had special adaptation to Site 5 (Quecholac, Puebla), Site 8 (Coatlinchan, State of Mexico), Site 11 (Acatzingo, Puebla), Site 22 (Atlacomulco-1, State of Mexico), Site 30 (Ixtenco, Tlaxcala), and Site 31 (Zacapoaxtla, Puebla), as it was the hybrid with the highest GY at these sites. Similarly, hybrid GLADIADOR (in the upper middle of the biplot in Fig. 1 According to the biplot of the two SREG components, hybrids HIBRIDO 2010, CHLHW09035, and CHLHW02517 are high yielding at all sites and the most stable because they are close to 0 for Component 2, which accounts for crossover interaction, whereas those hybrids with a large Component 1 account for non-crossover interaction and refer to the main effects across all sites. These results are in agreement with the value of the regression coefficient, which is ³1. Results of the biplot depicted in Fig. 1 give a general assessment of the highest-yielding hybrids across all 37 sites and also depict hybrid productivity at more specific sites. The lowest-yielding hybrids are identified at the other end of the biplot, contrary to the direction of the sites.
One stability measurement computed in this study is the regression of the hybrid mean on the site mean, according to the model proposed by Eberhart and Russell (1966) . Here, a hybrid is considered stable if it has a regression coefficient equal to 1 and a deviation from regression equal to 0. An implicit stability parameter is also the hybrid mean, which is related to the overall hybrid mean and positively correlated to the regression coefficient of hybrids on the site mean. In terms of the two stability parameters from linear regression (Eberhart and Russell, 1966) and Shukla stability variance, results of the 16 hybrids across the 37 sites show that only two high-yielding hybrids, CHLHW09035 and CHLHW09045, had deviations from linear regression and stability variance that are not significantly different from 0. Hybrid CHLHW09045 had a Shukla stability variance that was only significantly different from 0 at the 0.05 probability level (1.18), but not at the 0.01 probability level (Table 3) .
Grain Yield Stability of Hybrids at Sites 20 to 37 Located >2400 m asl
Regarding the 18 environments (Fig. 2) at altitudes >2400 m asl, three hybrids can be identified as having high GY and stability (CHLHW09035, PRECOZ-01, and ST-010); although hybrids HIBRIDO 2010 and PRECOZ-01 also showed good potential, they were less stable than the previous three (Supplemental Table 2 ). Hybrids ST109001, REGA-14, TORITO BLANCO, and P1684W, located on the opposite side of the biplot, produced low GY at all sites. In general, hybrids with high yield potential have regression coefficients ³1. The upper right quadrant of Fig. 2 shows the exceptional adaptation of hybrid ASPROS-823 to conditions prevailing at Site 27 (Almoloya de Juarez, State of Mexico), and the lower right quadrant of Fig. 2 shows the high yield potential of hybrid GLADIADOR at Site 24 (Calimaya, State of Mexico).
All the sites had their scores to the right of the biplot, except Site 21 (Ixtlahuaca, State of Mexico) and Site 35 (Colon, Queretaro), which had a negative score and thus a different response pattern for the hybrids. The first two terms accounted for ~57% of total variability, whereas Site 27 (Almoloya de Juarez, State of Mexico) and Site 35 (Colon, Queretaro) caused most of the hybrid ´ site interaction. The highest-yielding site was Amealco, Queretaro (Site 26), where most hybrids had high yield.
The deviation from linear regression stability and stability variance of all 16 hybrids were significantly different from 0, except for hybrid CHLHW09045, whose deviation from regression was not significantly different from 0 (Table 3) .
Grain Yield Stability of Hybrids at Sites 1 to 19 Located <2400 m asl Site 7 (Epitacio Huerta, Michoacan), Site 13 (Ajacuba, Hidalgo), and Site 19 (Santo Domingo, Oaxaca), whereas Sites 9 (San Diego, State of Mexico) and Site 10 (Felipe Angeles, Puebla) showed variable results and less stability, with their scores pointing in different directions, almost at a right angle to the other sites (Supplemental Table 3 ).
It is interesting to note that the lower right quadrant of the biplot shows high-yielding hybrid ASPROS 823 (specially adapted to the sites), pointing in a direction similar to Site 14 (Texcoco, State of Mexico), Site 18 ( Jesus Maria, Jalisco), Site 15 (San Andres., Oaxaca), Site 2 (Batan 2, State of Mexico), Site 1 (Batan 1, State of Mexico), Site 17 (San Luis de la Paz, Guanajuato), and Site 4 (Batan 4, State of Mexico). In the upper part, the biplot shows the exceptional adaptation and high GY of hybrid GLADIADOR at Site 9 (San Diego, State of Mexico) and Site 10 (Felipe Angeles, Puebla). These groups of sites and hybrids form a subset of crossover hybrid ´ site interaction.
It should also be pointed out that the five highestyielding hybrids (CHLHW02517, CHLHW09035, ASPROS-823, ST-010, and HIBRIDO-2010) were also the best across all 37 sites (Fig. 1) . These results are promising, as the hybrids can be distributed to farmers located at all 37 highland sites evaluated in this multienvironment trial. In terms of linear regression and deviations from linear regression, these five highly productive hybrids had a regression coefficient that does not significantly differ from 1 and a deviation from regression that is not significantly different from 0. The stability variances of these five hybrids were found to be statistically different from 0 (Table 3) .
Hybrid Performance for Flowering, Plant and Ear Height, and Other Traits in Highland Environments
It would be interesting to examine the performance of the highest-yielding hybrids with respect to other traits like flowering, PH, EH, and diseases. For the mean across the 37 sites, the five best-yielding hybrids (CHLHW02517, CHLHW09035, ASPROS-823, ST-010, and HIBRIDO-2010) were, on average, 3 d later in DS than the rest of the hybrids. For PH, the five best-yielding hybrids were, on average, significantly taller (by 2 cm) than the rest of the hybrids (Table 4) . Table 4 . Hybrid name, traits days to silk (DS), days to anthesis (DA), plant height (PH), ear height (EH, cm), ear rot (ER, %), husk cover (HC, %) and rust evaluated in 37 environments (1-37) in the highlands of Mexico in 2013. The names of the 5 hybrids with the highest average grain yield across the 37 sites are in boldface and underlined. Ear height of the five best-yielding hybrids was significantly lower (by 3 cm) than the rest of the hybrids; they also showed significantly less ear rot than the rest of the hybrids, but maintained similar HC (10.9 vs. 10.3).
Results of the 18 sites >2400 m asl show that the means for all traits (DS, DA, PH, EH, ER, HC, and rust) of the three highest-yielding hybrids were very similar and not significantly different than the means for the rest of the hybrids, except for trait rust. Several traits had broad-sense heritability equal to 1, except for traits ER, HC, and rust, which had broad-sense heritabilities of 0.7, 0.6, and 0.3, respectively (Table 5 ). For the average of the traits across the 19 sites <2400 m asl, results show that the five best-yielding hybrids were, on average, significantly later (3 d) for DS and DA than the rest of the hybrids, whereas PH was, on average, significantly higher (3 cm) than the rest of the hybrids (Table 6 ). The five best-yielding hybrids had an EH that was significantly lower (by 5 cm) than the rest of the hybrids and significantly less ER and rust than the rest of the hybrids.
DISCUSSION
The abiotic factors that limit maize production in the highland valleys of Mexico located at altitudes ranging from 1800 to 2700 m asl generate important genotype ´ environment interactions at different altitudes that greatly affect grain texture, size, and color. These factors create important challenges to breeders when detecting high-yielding and stable lines, hybrids, and open-pollinated varieties (Beck and Torres, 2003) . Previous research has shown that stratifying sites above and below 2400 m asl is a plausible strategy for grouping environments. Given these results, we studied the stability of the 16 hybrids in two groups of sites, those located below 2400 m asl and those above 2400 m asl.
Linear-Bilinear SREG Model
The SREG model assessed the overall GY of the hybrids across all sites and in specific sites. For example, the most productive hybrids across all 37 environments were CHLHW02517, CHLHW09035, ASPROS-823, ST-010, and HIBRIDO-2010; however, hybrid GLADIATOR Table 5 . Hybrid name, traits days to silk (DS), days to anthesis (DA), plant height (PH), ear height (EH), ear rot (ER), husk cover (HC) and rust evaluated at 18 sites (20-37) >2400 m asl. The names of the three hybrids with the highest average grain yield across the 18 sites are in boldface and underlined. had very good performance in at least four sites: Site 24 (Calimaya, State of Mexico), Site 11 (Acatzingo, Puebla), Site 25 (Mazapiltepec, Puebla), and Site 26 (Amealco, Queretaro). Also, although ASPROS-823 was among the best five, it had exceptionally good GY (11.0 Mg ha −1 ) at Site 27 (Almoloya de Juarez, State of Mexico), doubling the production of several other hybrids.
The linear-bilinear SREG model assessed the hybrid ´ site interaction from two or more dimensions. When considering only two principal component SREG dimensions, the first dimension accounts for crossover interaction, and the second dimension explains non-crossover interactions. Clearly, hybrids CHLHW02517, CHLHW09035, and HIBRIDO-2010 across all 37 sites and across the 19 sites located <2400 m asl did not have important crossover interactions (close to 0 values for the scores of the second principal component and the highest values for the first principal component). On the other hand, hybrids ASPROS-823 and ST-010, located in the two separate right-hand quadrants of the biplots (Fig. 1 and 3) , represent hybrids that are more specifically adapted to the sites and show the same direction in the corresponding upper and lower right quadrants. The linear regression methods and Shukla stability variance did generally detect stable and, to some extent, high-yielding hybrids, but they approach the hybrid ´ environment interaction problem from a univariate perspective and not as broadly as SREG does.
Results of the field evaluation of 16 hybrids in 2013 found CHLHW09035 to be one of the highest yielding and most stable hybrids across all 37 sites. Given these results, hybrid CHLHW09035 was also included in the 2014 overall hybrid evaluation where, of 18 hybrids, it was the second best yielder, with a mean performance of 7.9 Mg ha −1 . Furthermore, in 2015, hybrid CHLHW09035 was evaluated with another set of hybrids in an extensive network of high-yielding sites and was the best yielder, with an average yield of 6.9 Mg ha −1 . In the hybrid field evaluation of 2016, hybrid CHLHW09035 had an average GY of 7.9 Mg ha −1 Table 6 . Hybrid names and traits days to silk (DS), days to anthesis (DA), plant height (PH), ear height (EH), ear rot (ER), husk cover (HC) and rust evaluated at 19 sites (1-19) <2400 m asl in the highlands of Mexico in 2013. The names of the five hybrids with the highest average grain yield across the 19 sites are in boldface and underlined. 5.00 ´ 10 across 53 sites. The evaluation of hybrid CHLHW09035 in a total of 161 sites across 4 yr indicated its outstanding GY and its yield stability. However, it was not possible to do a combined analysis across years and sites due to the hybrids and sites not repeated across years.
Linear Regression for Stability
Historically, the linear regression of the performance of the entry mean on the site mean has been one of the most widely used stability models in multienvironment agricultural experiments. The stability parameters of the Eberhart and Russell (1966) model are similar to those proposed by Tai (1971) ; the Tai's stability parameter defined genotypes with average stability from those having an above average stability. As in the Eberhart and Russell (1966) stability method, Tai (1971) defined two parameters: a and l. a is similar to the linear regression of Eberhart and Russell (1966) , and l is similar to the deviation from regression. These two parameters (a and l) can be plotted on two orthogonal axes with a hyperbola that includes 95% of the predicted values of parameter a. The two vertical lines denote the limits of the 90% confidence interval for parameter l being equal to 1. Thus, the area within the hyperbola and the two vertical lines define the region as having "average stability," whereas the area between the two vertical lines but outside the hyperbola defines the area as having "above average stability." When parameters a and l from Tai's model are plotted for the 16 hybrids across all 37 sites, Fig. 4 shows only high-yielding hybrid CHLHW09035 as being within the average stability and hybrid CHLHW09045 as being close to the vertical line but outside the average stability zone.
These two hybrids had no significant deviations from regression (Table 3) . Interestingly, hybrids GLADIATOR and ASPROS-823 are far from the acceptability area and are thus the most unstable hybrids.
Regarding the 16 hybrids evaluated at the 18 sites (20-37) located >2400 m asl, Fig. 5 from Tai's method shows that none of the hybrids falls within the average stability area, although hybrid CHLHW09035 was the closest to the vertical line and is the only one with a deviation from regression not significantly different from 0 (Table 3) . Results for the 16 hybrids at the 19 sites (1-19) located >2400 m asl are displayed in Fig. 6 , where 10 hybrids (CHLW02517, CHLW09035, CHLW09045, ST-010, REGA-14, PRECOZ-01, PRECOZ-02, HIBRIDO 2010, X18A204W, and CVA-702) are classified as having stable performance; these were also the ones with no significant deviation from regression estimates (Table 3) . These results coincide with the results of Tai (1971) when comparing the similarity between the deviation from the linear regression method and the parameter l.
In general, for the combined analysis across all 37 sites, the three hybrids (CHLW02517, CHLW09035, and HIBRIDO 2010) detected as stable and high yielding by the linear-bilinear SREG model were also detected as stable by the linear regression coefficient of Eberhart and Russell (1966) (linear coefficient not different from 1). However, hybrids CHLW02517 and HIBRIDO 2010 were not stable, given that their deviation from regression was significantly different from 0. Furthermore, Tai's stability model detected that only hybrid CHLW09035 had average stability and was also the hybrid with the lowest stability variance (not significantly different from 0) according to Shukla (1972) . The   Fig. 4 . Plot of parameters a and l from Tai's stability method for 16 maize hybrids evaluated at 37 highland sites in Mexico.
linear-bilinear SREG detected that hybrid GLADIADOR was a good GY performer at Site 23 and Site 24, although it was not identified as such by the other stability methods.
For the stability analyses performed on the 19 sites located >2400 m asl, the linear-bilinear SREG identified the same three hybrids-CHLW02517, CHLW09035, and HIBRIDO 2010-plus ST-010; however, the Tai method did not detect any hybrid with average stability. For the stability analyses of the sites located <2400 m asl, Tai's stability method detected eight hybrids with average stability and two hybrids with above average stability (REGA-14 and X18A204W); however, hybrid REGA-14 had very poor GY across all these sites, as shown by the biplot of the linear-bilinear SREG. Thus, the SREG method assessed yield stability from a more flexible perspective than the linear regression methods because two dimensions rather than one are used to assess genotype ´ interaction. The advantages of the family of linear-bilinear models, especially the SREG, have been extensively demonstrated in the related literature.
CONCLUSIONS
The results of this study show three very promising early white maize hybrids with yields between 7.1 and 7.3 Mg ha −1
